Squalamine as a broad-spectrum systemic antiviral agent with therapeutic potential , and Gerard C. L. Wong i Antiviral compounds that increase the resistance of host tissues represent an attractive class of therapeutic. Here, we show that squalamine, a compound previously isolated from the tissues of the dogfish shark (Squalus acanthias) and the sea lamprey (Petromyzon marinus), exhibits broad-spectrum antiviral activity against human pathogens, which were studied in vitro as well as in vivo.
Both RNA-and DNA-enveloped viruses are shown to be susceptible. The proposed mechanism involves the capacity of squalamine, a cationic amphipathic sterol, to neutralize the negative electrostatic surface charge of intracellular membranes in a way that renders the cell less effective in supporting viral replication. Because squalamine can be readily synthesized and has a known safety profile in man, we believe its potential as a broad-spectrum human antiviral agent should be explored.
innate immunity | hepatitis B virus | eastern equine encephalitis virus | dengue virus | yellow fever virus S qualamine ( Fig. 1A ) was first discovered in the tissues of the dogfish shark (Squalus acanthias) as a broad-spectrum antimicrobial agent in 1993 (1, 2) and later identified within the circulating white blood cells of the sea lamprey (Petromyzon marinus) (3). It was found to have pharmacological activity in endothelial cells, inhibiting several growth factor-dependent processes (such as angiogenesis, migration, and proliferation) both in vitro and in vivo (4) (5) (6) (7) (8) (9) (10) (11) . Recently, squalamine was discovered to enter cells and cause displacement of proteins that are associated through electrostatic interactions with the inner face of the cytoplasmic membrane (12) (13) (14) . Squalamine (3β-N-1-{N-[3-(4-aminobutyl)]-1,3-diaminopropane)-7α, 24R-dihydroxy-5α-cholestane 24 sulfate; molecular weight = 628) (2) carries a net positive charge by virtue of its spermidine moiety and exhibits a high affinity for anionic phospholipids (15, 16) ; on entry into a eukaryotic cell, it neutralizes the negative charge of the surface to which it binds (12, 13) . Surprisingly, this disruption of electrostatic potential can occur without obvious structural damage to the cell membrane as measured by changes in permeability (13) . After it has gained entry into a cell, squalamine subsequently exits over the course of hours, which was shown by its pharmacokinetic properties in numerous mammalian species, including humans (17) (18) (19) .
The ability of squalamine to alter the electrostatic charge in so drastic of a fashion as to cause displacement of membrane-anchored proteins, suggested to one of us (M.Z.) that squalamine might have, as a consequence, antiviral properties. Many viruses enter cells through engagement of the ρ-GTPases, such as Rac1, to influence the actin cytoskeleton (20) (21) (22) (23) . Displacement of key proteins anchored through electrostatic forces (of host or viral origin) from the cytoplasmic face of the plasma membrane might interfere with entry (20, 21, 24) , protein synthesis (25) , virion assembly (26, 27) , virion budding (28) , or other steps in the viral replication cycle (29) . Certain viruses seem to require the presence of the anionic phospholipid phosphatidylserine in the target cell plasma membrane as part of the fusion process, and charge neutralization of the anionic phospholipid could, in principle, interrupt these events (24, 25, (30) (31) (32) (33) . Because squalamine, after parenteral administration, is cleared from the circulation over the course of hours by the liver, from which it is excreted through the biliary system, we focused our initial investigations on viruses that infect the liver.
Results
The charge density on squalamine enables it to have unusual interactions with cell membranes. Because its surface charge density is nearly equal and opposite to the charge density of lipid components of the anionic cytoplasmic surface of typical eukaryotic membranes, squalamine should exhibit anomalously strong membrane binding because of the maximal recovery of counterion entropy (34) . We show that, owing to this effect, squalamine can strongly displace membrane-bound cationic proteins such as Rac1, a ρ-GTPase recruited to the inner leaflet of the eukaryotic cytoplasmic membrane for the actin remodeling necessary for endocytosis (35) . By incubating liposomes [1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-Serine] (sodium salt)/1,2-Dioleoyl-sn-Glycero-3-Phosphocholine/1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine = 20/20/60; similar to the inner leaflet lipid composition of the plasma membrane of mammalian cells] (36) with Rac1 and squalamine, we obtain the diffraction signatures of Rac1-membrane complexes and squalamine-membrane complexes, respectively, using synchrotron small-angle X-ray scattering (Fig. 1B) . Rac1-membrane complexes exhibit a broad diffraction feature at scattering vector q ∼0.22 nm −1 , which is consistent with weakly correlated bilayer membranes with electrostatically associated Rac1 on both sides. In contrast, squalamine-membrane complexes exhibit a strong, sharp diffraction feature at q ∼1.19 nm expense of such complexes (Fig. 1B) . This striking displacement of Rac1 from anionic membranes by squalamine is confirmed in molecular dynamics simulations based on a coarse-grained model of this system ( Fig. 1 C-E, SI Materials and Methods, and Movies S1, S2, S3, and S4). At concentrations high enough for either Rac1 or squalamine to saturate the membrane, squalamine displaces 56% of all Rac1 from the membrane. Squalamine is found to exhibit much stronger electrostatic binding than Rac1 to a flat charged bilayer, thus nearly doubling the counterion release that dominates the free-energy change on binding. Together, these data illustrate a general property of squalamine. Because of its charge and shape, squalamine can electrostatically displace membrane-bound proteins and potentially influence attending intracellular processes, with the specific interactions perturbed dependent on the cellular context. We suggest that, by transiently altering the electrostatic interactions of the intracellular membranes of a host cell, we place that cell into a state that is incompatible with efficient replication of certain viruses.
Activity in Vitro. To determine whether squalamine exhibits antiviral activity in vitro, we studied the infection of a line of human microvascular endothelial cells (HMEC-1) with dengue virus. We chose this model for several reasons. Dengue virus, which infects the microvascular and hepatic endothelium in the human disease (37) , has been recently shown to engage a Rac1-dependent pathway in the endothelial cell during its entry phase (22, 38) ; the early fusion process between the virus and the endosomal membrane is believed to involve electrostatic interactions between the viral E protein and anionic phospholipids (39) . Our hypothesis predicts that squalamine should interrupt this infection. At concentrations between 20 and 60 μg/mL, squalamine has been shown to inhibit a broad array of growth factor-induced, actin-dependent responses in endothelial cells, including cell migration, cell division, and vascular tube formation in a 3D matrix (4) (5) (6) (7) (8) (9) (10) (11) .
The HMEC-1 was inoculated with dengue virus Den V2 using a published procedure (22) . At a squalamine concentration of 40 μg/mL, dengue infection was inhibited by about 60%, with complete inhibition observed at 100 μg/mL (Table 1) . At these concentrations, squalamine was not cytotoxic, which was shown by phase contrast refractility, actin organization, and subsequent growth of uninfected cells after removal of squalamine. At concentrations of squalamine above 60 μg/mL, the cells detached more easily during the staining procedures, a consequence of the compound's known effect on cell adhesion (5) .
Next, we examined the effect of squalamine on the infectivity of two viruses that cause human hepatitis, human hepatitis B virus (HBV) and human hepatitis δ-virus (HDV), on primary human hepatocytes. Monolayer cultures of primary human hepatocytes were infected with HBV using a modification of procedures described in the work by Taylor and Han (40) . Squalamine effectively inhibited HBV replication in human primary hepatocytes when added either during the initial exposure of virus to the cells or at 24 h after infection (Table 2) . There was no evidence of cytotoxicity associated with squalamine treatment based on the morphology of individual cells and the absence of visible damage to the physical integrity of the cellular monolayer. A similar study was performed to evaluate the effect of squalamine on the replication of HDV. Squalamine was introduced at 20 μg/mL during HDV exposure, and the effects were measured at day 7 when total RNA was extracted and assayed for HDV RNA sequences. Inhibition to 89 ± 4% was observed. With a higher concentration of 60 μg/mL squalamine, significant cell toxicity was observed. HDV was not inactivated by exposure to squalamine at the concentrations that exhibited antiviral effects (Materials and Methods).
Activity in Vivo. We selected three well-characterized animal models of viral infection: yellow fever (YF) in the Golden Syrian hamster (41), eastern equine encephalitis virus (EEEV) in the Golden Syrian hamster (42) , and murine cytomegalovirus (MCMV) in the BALB/c mouse (43, 44) . In each animal, viral infection of the liver and endothelium occurs. Both the YF (45) and MCMV (46) infection models have been used to evaluate human therapeutic candidates. No drug has been reported to impact survival or viremia during EEEV infection in the hamster.
Squalamine dosing regimens in mice (4-6, 9, 10), monkeys (8), and humans (17) (18) (19) 47) have been established for the control of pathological angiogenesis, and the dose-dependent toxicology for the compound is known in each of these species. The compound distributes widely throughout the body (excluding the brain) and exits the bloodstream with a half-life between 1 and 5 h. It is cleared by the liver and excreted through the biliary tract into the feces; in the mouse, squalamine's half-life in the liver is about 12-24 h. For the antiviral studies reported here, we chose a single daily dose of 10-15 mg/kg administered over 6-8 consecutive d as our starting regimen, a regimen that has been proven to be well-tolerated in previous rodent studies (e.g., cancer and ophthalmic angiopathy). In most of the studies described in this report, the compound was administered s.c.
YF. The YF virus (YFV) is an ssRNA virus of the Flaviviridae family responsible for over 30,000 deaths worldwide (45) . Although an effective vaccine exists, periodic outbreaks continue to occur, and no antiviral agent has as yet been developed to treat , and both Rac1 and squalamine (E), respectively, in the presence of a coarsegrained membrane in which 20% of the lipids are charged. Rac1 and squalamine are present at concentrations that yield the same net charge on all molecules, each higher than needed to neutralize the membrane. Squalamine was found to exhibit nearly two times stronger electrostatic membrane binding than Rac1, and it displaced 56% of Rac1 from the membrane.
human YF. We conducted experiments to evaluate the efficacy of squalamine for both the prevention and treatment of YF. In the hamster, YFV directly infects the hepatocyte, causing a severe necrotizing hepatitis that reaches maximum severity around days 4-5 postinoculation (47) . Serum concentrations of the hepatic enzyme alanine amino transferase (ALT) are used to monitor hepatic disease and reflect in magnitude both the hepatic pathology and hepatic viral titers (48) . Viral titers in various organs peak between days 4 and 6 and progressively decrease as the adaptive immune response accelerates (48) .
In the prevention study, squalamine administration began 1 d before virus inoculation, and daily dosing (15 mg/kg s.c.) continued through day 6 postinoculation. By day 9, 85% of the untreated cohort had died. Serum ALT measured on the untreated group was elevated on day 6, indicating hepatitis (Fig.  2B) . Of the group administered squalamine, 100% survived through day 8, 2 d after the last day of drug administration; 70% were protected from mortality and survived through the remainder of the experiment (day 21) (Fig. 2) . Serum ALT in this cohort was within the normal range, suggesting minimal virus infection of the liver. We compared the effect of squalamine with ribavirin, an antiviral agent that has been well-studied in this model (45, 48, 49) . Ribavirin was administered in a two times daily dosing regimen at 3.2, 10, and 32 mg/kg through the normal i.p. route. The highest ribavirin dose protected about 40% of the cohort, whereas the lower doses were ineffective (Fig. 2) . By raising the total daily dose of ribavirin (50-75 mg/kg), this compound can control infection in the hamster quite effectively (45) .
To determine whether squalamine can treat an existing YFV infection in the hamster model, animals were infected with a lethal inoculum of virus. Then, one time daily treatment with squalamine (15 or 30 mg/kg per d s.c.) was started beginning on day 1 or 2 after viral administration and continuing until day 8 or 9, respectively. Survival was monitored, and animals that remained alive by day 21 were considered cured (Fig. 2C) . By day 11 after infection, 100% of untreated animals had died. In contrast, 60% of the animals that had received 15 mg/kg per d (from day 1 to 8) or 30 mg/kg per d (from day 1 to 8) were cured. Serum ALT activity, measured on day 6, was lower in the treated animals compared with the untreated cohort (Fig. 2D) . Delay of treatment (30 mg/kg per d) until day 2 still resulted in a cure rate of 40% (Fig. 2C) . Treatment with ribavirin at its optimal dosing regimen (beginning on the day of viral infection) achieved a cure rate of 100% (Fig. 2C) .
EEEV. EEEV is an enveloped RNA virus of the Alphavirus family genus in the family Togaviridae for which neither an effective antiviral drug nor a licensed human vaccine is available (50) . The case fatality rate is between 30% and 80% for humans and up to 95% for horses, and EEEV is regarded as a potential biodefense threat (51) .
EEEV causes widespread vascular disease in the hamster, involving all of the major organs (42) . Infection of the vasculature of the brain followed by direct infection of neuronal cells results in fatal encephalitis. From day 3 after peripheral inoculation, viral titers within the brain continue to increase, despite rising levels of neutralizing antibodies. Because squalamine cannot enter the brain after systemic administration, we would not expect it to directly influence EEEV infection of the hamster brain or circumvent the onset of encephalitis. However, in the hamster (but not the mouse) (52), EEEV infects the liver early after viral inoculation (42) . We hypothesized that, although squalamine would not be expected to directly influence the viral infection within the brain, the substance might influence the clinical course of the peripheral disease by increasing the viral resistance of organs such as the liver and perhaps, the systemic vascular endothelium.
Golden Syrian hamsters were infected with a lethal s.c. inoculum of EEEV; 1 d before infection, animals received 10 mg/ kg squalamine s.c., which continued daily for 6 d postinfection. Blood was drawn from the retroorbitus during the first 4 d to monitor viral concentration within the vascular space. Treatment with squalamine extended the survival of the infected animals compared with those animals receiving vehicle alone (Fig. 3A) . Treated animals maintained body weight compared with the untreated animals (Fig. 3B) . Initial viral titers in the blood stream of squalamine-treated animals were about 100-fold lower than the titers in animals receiving vehicle, showing antiviral activity of the compound when administered systemically (Fig. 3C ).
MCMV. MCMV is an enveloped DNA virus of the Herpeseviridae family. The dynamics of infection of MCMV have been extensively studied in the mouse (44) . When introduced into the mouse i.v., MCMV initially propagates in two tissue compartments, the liver parenchyma and the vascular endothelium (44) . Surprisingly, the virus that replicates in the liver does not spread throughout the body but likely is excreted into the feces. The virus that propagates within the vascular endothelium seems responsible for spread through the body. Based on the known tissue distribution of squalamine in the mouse, we hypothesized that squalamine should influence the natural history of an MCMV infection.
We inoculated BALB/c mice through the i.p. route with a sublethal inoculum of MCMV. Squalamine was administered at a dose of 10 mg/kg daily, beginning 1 d before infection and continuing daily through day 6, by either the i.p. or s.c. routes. An infected cohort received only vehicle. We chose to compare i.p. and s.c. routes to determine how the pharmacokinetic profile Monolayer cultures of HMEC-1 cells grown on glass coverslips were pretreated with squalamine for 2 h at the indicated concentrations. Fresh medium was reintroduced, and virus was added to the culture. After 48 h, cells were fixed and immunostained for viral protein E as described in Materials and Methods. For each concentration, the percentage of cells expressing viral E protein was scored; 10 randomly chosen fields were counted per concentration. SD of the mean is noted. Monolayer cultures of primary human hepatocytes were infected with HBV using a modification of procedures as described in the work by Taylor and Han (40) . Zero hour is the time at which virus was first added. HBV infection is based on the relative abundance of viral-specific sequences with respect to the total cellular RNA recovered as measured by real-time PCR (Materials and Methods). The data are expressed relative to the control cultures not exposed to squalamine. The errors represent the SD of the mean. The experimental points were performed in at least triplicate.
of the dosed squalamine might influence outcome. s.c. dosing in the mouse results in a slow release of compound from the injection site, reaching a peak blood and tissue concentration within 5-8 h; i.p. dosing results in a rapid rise in blood and tissue levels, peaking within 1 h of administration and generally achieving levels 10-fold higher than the s.c. route (53) . For this study, on days 3, 7, and 14 postinfection, animals were euthanized, and the concentration of infectious virus present in various tissues was measured. Because dosing ended by day 6, reduction in tissue viral titers at later times was likely to be a result of the action of host defenses. Administration of squalamine through the i.p. route was the most effective, resulting in undetectable viral titers in both the liver and spleen at day 14 (Fig. 4) . Dosing through the s.c. route was also effective in reducing viral titers in the liver and spleen but less effective than the i.p. route. Viral titers continued to increase in the lung between days 3 and 7 after infection and plateaued between days 7 and 14, which is likely a consequence of the animals' immune response. Viral infection within the submaxillary salivary gland continued to increase without abatement.
Discussion
The results presented here unambiguously show that squalamine is active in vitro and in vivo against a broad spectrum of human viral pathogens, including both RNA-and DNA-enveloped viruses. The shark seems to be surprisingly immune to viral infection (54), despite lacking a rapidly responsive adaptive immune system (55) . Neither an IFN gene nor its receptor has been identified within the recently sequenced elephant shark genome (56) , leaving open the possibility that the shark lacks an IFNbased antiviral defense. Curiously, the elephant shark genome also lacks identifiable retroviral sequences, which are abundantly represented in boney fish species (57), providing additional evidence that the antiviral defenses of the shark are likely to be remarkably effective. We propose that squalamine might serve an antiviral function in the shark.
We believe that squalamine exerts its antiviral effects by altering the infectivity of the tissues into which it is transported through its capacity to perturb the electrostatic potential of the cellular membranes onto which it binds. On entry into a cell, squalamine would be expected to disturb the intracellular arrangement of membrane-associated proteins positioned by electrostatic forces, possibly including some of host or viral origin that are required for the viral replication cycle. Our recently published studies that relate to the mechanism proposed in this manuscript were conducted in various cells transiently expressing specifically designed probes and proteins, and they illustrate the diverse pleiotropic effects that can be caused by the entry of this molecule into a cell; we have shown that squalamine causes displacement of a fluorescent probe bearing the cationic tail of a Ras protein from the plasma membrane (12), squalamine activates an ion channel by displacing an inhibitory cationic segment from the anionic inner face of the plasma membrane (13) , and squalamine inhibits a sodium proton exchanger by displacing a cationic control sequence from the cytoplasmic face of the plasma membrane (14) . Hence, by modifying the electrostatic interactions of a membrane, squalamine could influence many diverse intracellular processes, making that cell less capable of supporting the replication of certain viruses. Squalamine does not seem to be related in chemical structure or mechanism of action to any chemotherapeutic substance currently in use. By targeting host membranes, squalamine differs in mechanism from the recently described broad-spectrum antiviral compound LJ100, which seems to act by irreversibly damaging the membranes of enveloped viruses and interrupting effective entry (58) . If the proposed mechanism of action of squalamine is correct, development of viral resistance would be expected to be unlikely. We have not yet optimized squalamine dosing in any of the animal models presented in this report, and we do not know the maximum prophylactic or therapeutic benefit that can be achieved in these systems. Because squalamine has been studied in humans in several phase II clinical trials for cancer and retinal vasculopathies (59, 60) , can be readily synthesized (61) , and has a known safety profile in man (17) (18) (19) 60) , its potential as a broad-spectrum human antiviral agent should be explored.
Materials and Methods
Squalamine (as the dilactate salt) was synthesized by the route shown in the work by Zhang et al. (61) and was greater than 97% pure. A 1-mg/mL solution of squalamine in 5% dextrose and 40 mM sodium phosphate (pH 7.4) was used for dosing. For in vitro experiments, squalamine was dissolved in 99% ethanol and diluted in water as required. Details of the scattering and simulation studies are presented in SI Materials and Methods. Each of the viral experiments reported was conducted within the specific laboratory of the designated investigator using published protocols, with modifications as noted.
Full methods and associated references are available in SI Materials and Methods.
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